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ABSTRACT: A series of (NaPO3)1−x(Ga2O3)x glasses (0 ≤ x ≤ 0.35)
prepared by conventional melt-quenching methods has been
structurally characterized by various complementary high resolution
one-dimensional and two-dimensional (2D) solid state magic angle
spinning nuclear magnetic resonance (MAS NMR) techniques, which
were validated by corresponding experiments on the crystalline model
compounds GaPO4 (quartz) and Ga(PO3)3. Alloying NaPO3 glass by
Ga2O3 results in a marked increase in the glass transition temperature,
similar to the eﬀect observed with Al2O3. At the atomic level, multiple
phosphate species QnmGa (n = 0, 1, and 2; m = 0, 1, 2, and 3) can be
observed. Here n denotes the number of P−O−P and m the number of
P−O−Ga linkages, and (m + n ≤ 4). For resolved resonances, the value
of n can be quantiﬁed by 2D J-resolved spectroscopy, refocused
INADEQUATE, and a recently developed homonuclear dipolar
recoupling method termed DQ-DRENAR (double-quantum based dipolar recoupling eﬀects nuclear alignment reduction).
Ga3+ is dominantly found in six-coordination in low-Ga glasses, whereas in glasses with x > 0.15, lower-coordinated Ga
environments are increasingly favored. The connectivity between P and Ga can be assessed by heteronuclear 71Ga/31P dipolar
recoupling experiments using 71Ga{31P} rotational echo double resonance (REDOR) and 31P {71Ga} rotational echo adiabatic
passage double resonance (READPOR) techniques. Up to x = 0.25, the limiting composition where this is possible, the second
coordination sphere of all the gallium atoms is fully dominated by phosphorus atoms. Above x = 0.25, 71Ga static and MAS NMR
as well as REDOR experiments give clear spectroscopic evidence of Ga−O−Ga connectivity. 31P/23Na REDOR and REAPDOR
results indicate that gallium has no dispersion eﬀect on sodium ions in these glasses. They also indicate signiﬁcant diﬀerences in
the strength of dipolar interactions for distinct QnmGa species, consistent with bond valence considerations. On the basis of these
results, a comprehensive structural model is developed. This model explains the compositional trend of the glass transition
temperatures in terms of the concentration of bridging oxygen species (P−O−P, P−O−Ga, and Ga−O−Ga) in these glasses.
The results provide new insights into the role of Ga2O3 as an intermediate oxide, with features of both network modiﬁer and
network former in oxide glasses.
■ INTRODUCTION
Na2O−M2O3−P2O5 (B, Al, and Ga) glasses have received
widespread attention because of their interesting physical and
chemical properties. They have applications in nonlinear optics,
glass seals, and low-melting glass solders and electrolytes in
solid state electrochemical cells for fast ion conduction.1
Recently biomedical applications of gallium-containing glasses
have come into focus.2,3 Gallium (Ga3+) has an ionic radius
nearly identical to that of Fe3+ and can function as a “Trojan
horse” for treating hypercalcemia of malignancy,4 and its
antibacterial properties may be useful in treating and preventing
localized infections.5 The treatment eﬀects can be improved by
the development of eﬀective delivery methods. Chemically
durable biocompatible materials, such as gallium-containing
phosphate glasses, can slowly release gallium ions over long
periods of time and be considered desirable materials for such
applications.6 Functional properties of this kind can be
considered closely related to the structures of these glasses,
which can be examined using local probes such as vibrational,
X-ray absorption (EXAFS), and solid state nuclear magnetic
resonance (NMR) spectroscopies. While the corresponding
alkali boro- and aluminophosphate glasses have already been
widely studied in this realm, very little is known about the
structure of the gallium-based systems, and contradictory views
can be found in the literature.7−9 While the coordination of
Ga3+ in binary Ga2O3−P2O5 glasses has been claimed to be
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tetrahedral according to vibrational spectroscopy,7 high-energy
X-ray absorption data suggest gallium to be six-coordinated.8 In
antimicrobial gallium-doped calcium metaphosphate glasses, Ga
EXAFS and 71Ga NMR studies indicate Ga in six-coordina-
tion.9−12 A recent comprehensive spectroscopic study of the
Na2O−Ga2O3−P2O5 system suggests that the gallium coordi-
nation number depends on the O/P ratio in the glass.13,14 This
variability in coordination number reﬂects the role of Ga2O3 as
an intermediate oxide, which is able to serve both as a network
former and a network modiﬁer in glasses. Similar to the
situation in alkali aluminophosphate glasses,15−18 gallium
prefers six-coordination in meta- and pyrophosphate glasses
(O/P ≤ 3.5), while at O/P ratios ≥3.5, four-coordinate gallium
is increasingly favored. A close analogy also exists regarding the
dependence of the isotropic 71Ga and 27Al chemical shifts on
coordination number,19 when considering sets of closely related
crystalline aluminum and gallium compounds.20−23 Almost all
the past research involving gallium oxide-based glass systems
has been completely focused on the local structural environ-
ments probed by magic angle spinning NMR, while more
advanced dipolar MAS-based NMR techniques probing site
connectivities and heteronuclear correlations24−27 to date have
not been applied to gallium-containing systems.
In the present study, we make use of the 71Ga{31P} rotational
echo double resonance (REDOR)28 and 31P{71Ga} rotational
echo adiabatic passage double resonance (REAPDOR)29
techniques to examine the P/Ga connectivity in a series of
glasses with composition (NaPO3)1−x(Ga2O3)x. Furthermore,
we report complementary results by probing 31P−31P dipolar
couplings using J-resolved spectroscopy,30,31 refocused INAD-
EQUATE,32,33 and the recently developed double quantum-
based dipolar recoupling eﬀects nuclear alignment reduction
(DRENAR) method,34 on the glasses, and on the model
compounds GaPO4 (quartz) and Ga(PO3)3. On the basis of the
spectroscopic results, charge, and mass balance as well as bond
valence considerations, we develop a comprehensive structural
model for this glass system, providing new insights into the dual
role of gallium in these glasses.
■ EXPERIMENTAL SECTION
Materials and Methods. All the (NaPO3)1−x(Ga2O3)x
glasses were prepared by conventional melt-quenching methods
using gallium oxide from Alfa (99.99%) and sodium
polyphosphate from Acros (99+%). The powdered raw
materials were mixed and melted in a platinum crucible at
temperatures between 900 and 1550 °C, depending on the
composition. The liquid melt was kept at this temperature for
30 to 90 min to ensure homogenization before it was cooled
rapidly in a steel mold. Mass evaporation losses were found to
be below 0.5%. Diﬀerential scanning calorimetry was done with
a Netzsch DSC-200 apparatus, at a heating rate of 10 K/min.
The model compound Ga(PO3)3 was prepared by heating a
mixture of Ga2O3 with a 30-fold excess of concentrated
phosphoric acid (Merck, p.a.) in a silica crucible at 350 °C for 7
days. The reaction product was washed with water and dried in
air. Crystalline GaPO4 was a present from PIEZOCRYST
ADVANCED SENSORICS GmbH. X-ray powder diﬀraction
revealed both model compounds to be single phase, JCPDS
numbers 04-012-2247 (PDF-4+) and 85-2057 (PDF-2),
respectively. Raman spectra were recorded with a Jobin-Yvon
Horiba Raman spectrometer using a Nd/YAG laser with a
wavelength of 532.18 nm.
NMR Studies. All the NMR experiments were carried out at
ambient temperature on Bruker DSX-500, DSX-400, and
Avance III 300 spectrometers. 31P experiments were carried
out at 121.5 MHz, using 4 mm MAS NMR probes operated at
spinning rates of 14.0 kHz. Typical acquisition parameters were
nutation pulse length 2.8 μs (90° ﬂip angle) and recycle delay
60 s. Chemical shifts are reported relative to 85% H3PO4. Signal
deconvolutions into Gaussian components were done with
DMFIT.35 71Ga MAS NMR spectra were carried out at 152.53
MHz, using a 2.5 mm probe operated at a spinning rate of 25
kHz. Rotor-synchronized Hahn echoes were used for the signal
acquisition. Spectra were obtained in the selective excitation
regime using a π/2 pulse of 2.0 μs length and a recycle delay of
0.2 s. Resonance shifts are reported relative to 1 M aqueous
Ga(NO3)3 solution. A separation of the isotropic chemical shift
and nuclear electric quadrupole interaction parameters via the
TQMAS (Triple Quantum Magical Angle Spinning) experi-
ment36,37 conducted on a sample with x = 0.3 proved
impossible owing to poor signal-to-noise ratio. This result
indicates that the quadrupolar coupling is very strong, resulting
in very poor triple quantum excitation eﬃciencies. To obtain a
rough idea of the size of the nuclear electric quadrupolar
coupling constant, the static spectrum was recorded at 7.05 T,
using the wideband uniform-rate smooth truncation QCPMG
(WURST-QCPMG) technique.38 The WURST-80 pulse shape
and 8-step phase cycling version was employed, using 50 μs
excitation and refocusing pulses at a power level corresponding
to a nutation frequency of 15.87 kHz. The frequency was swept
at a rate of 14 MHz/ms. Each spectrum was acquired twice in
opposite frequency sweep directions. The two spectra were
coadded to compensate for line shape distortions due to
transverse relaxation during the formation of the frequency-
dispersed echoes.38
Average isotropic chemical shifts of 23Na (referenced to 1 M
NaCl solution) and second-order quadrupolar coupling
parameters PQ were measured via triple quantum magic angle
spinning (TQMAS) experiments, using the three pulse z-
ﬁltering pulse sequence.36,37 The acquisition resonance
frequency was 132.2 MHz. The ﬁrst two hard pulses and the
third soft pulse were transmitted at rf amplitudes corresponding
to nutation frequencies of 130 and 9 kHz on a liquid sample,
respectively. The spinning rate was 14.0 kHz. The sampling in
the t1 dimension was done with a dwell time of 17.85 μs (1/4
rotor period). Depending on the sodium content, 120−360
scans per t1 increment were taken.
Homonuclear two-dimensional (2D) J resolved 31P MAS
NMR spectra were measured at 162.0 MHz on a Bruker DSX
400 spectrometer. The z-ﬁlter spin echo version was used (one
rotor period), incorporating a 32-step phase cycle.30,31 The π/2
pulse lengths were around 2.0 μs, at a spinning rate of 15.0 kHz.
Depending on the sample, the rotor synchronized echoes were
recorded to evolution times of up to 100 ms corresponding to
about 70t1 increments. For the 2D spectra, the States method
was used to obtain pure absorption phase spectra. Steady-state
acquisition was done, using a 40 s recycle delay following a
saturation comb.
DQ-DRENAR experiments34 were conducted on a BRUKER
Avance III 300 spectrometer equipped with a 2.5 mm probe, at
MAS speeds of 7.0−11.0 kHz, under steady-state conditions
(relaxation delay 40 s, following presaturation combs). One
pulse block spans two rotor periods. Implicit in the C7 scheme,
the 31P nutation frequency is given by ν1 = 7νr. The normalized
DRENAR diﬀerence signal intensities (S0 − S)/S0 (correspond-
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ing to the signal amplitudes without (S0) and with (S) dipolar
recoupling eﬀect) were measured as a function of dipolar
mixing time NTr. For multispin interactions in the limit of short
mixing times (ΔS/S0 ≤ 0.3−0.5), the normalized diﬀerence
signal is independent of speciﬁc spin system geometries and can
be approximated by a simple parabola:
∑π− ′ =
=
S S
S
b NT
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t NT k
jk r
0
0 ( )
2
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r (1)
The curvature of this parabola is the sum of the squares of the
dipolar coupling constants Σkbjk2 between nuclei k and the
observed nuclei j. This quantity can be used to characterize
average homonuclear dipole−dipole coupling strengths, in-
dependent of the order and geometry of the spin systems
involved.
The connectivity between phosphorus units was further
probed by one-dimensional (1D) refocused INADEQUATE
experiments.32,33 This technique relies on double quantum
ﬁltering, based on homonuclear J-coupling, to yield correlation
peaks between nuclei engaged in P−O−P linkages (Q1 and Q2
units), whereas the signals from isolated 31P nuclei are
suppressed because the absence of J-coupling in them precludes
the formation of double quantum coherences. All the 1D
refocused INADEQUATE experiments were done on a Bruker
Avance III 300 spectrometer, using spinning rates of 14.0 kHz
and π/2 pulse lengths near 2.8 μs. 2Q ﬁltered coherence is
created by a π/2−t1/2−π−t1/2−π/2 excitation sandwich,
where a value of t1/2 = 7.14 ms was chosen, following an
optimization process. All single-quantum coherences were
eliminated by appropriate phase cycling.
23Na{31P} and 71Ga{31P} compensated REDOR experiments
were conducted at 11.7 and 9.4 T, respectively, using the
sequence of Gullion and Schaefer28,39 modiﬁed by Chan and
Eckert.40 The optimum pulse length for the decoupling channel
was set by maximizing the REDOR diﬀerence signal ΔS. In the
23Na{31P} REDOR experiments, 180° pulse lengths for 31P and
23Na are 6.6 and 6.8 μs, respectively. In the 71Ga{31P} REDOR
experiments, 180° pulse lengths of 5.0 μs were used for both
31P and 71Ga. The relaxation delays were 1.0 and 0.2 s,
respectively, in 23Na{31P} and 71Ga{31P}REDOR. Data were
analyzed in the short evolution time limit, ΔS/S0 ≤ 0.2−0.3,
using the parabolic approximation:41,42
π
Δ =S
S
M NT
4
3
( )SI r
0
2 2
2
(2)
yielding the van-Vleck second moment M2
SI = M2(S{I}) . This
quantity can be used to characterize average dipole−dipole
coupling strengths, independent of the order and geometry of
the spin systems. The 31P{23Na} REDOR experiments were
done with the pulse sequence of Garbow and Gullion,43 using π
pulse lengths of 6.6 and 6.8 μs, respectively, for 31P and 23Na at
a spinning rate of 12.0 kHz. The relaxation delay was 40 s
following a saturation comb. The π pulses on the 31P channel in
all of these experiments were phase-cycled according to the XY-
4 scheme.44 For the quantitative analysis of REDOR experi-
ments measuring the dipolar dephasing of observe-nuclei S to
quadrupolar nuclei I (such as 23Na), it is essential to assess the
extent to which the I nuclei in the noncentral Zeeman states
(which are anisotropically shifted by the quadrupolar
interaction) contribute to the dipolar dephasing of the S
spins. Following a previously established procedure, this eﬀect
can be accounted for by an eﬃciency factor f, which can be
determined by simulations if the quadrupolar coupling constant
is known.45 In accordance with this procedure,45 the
normalized diﬀerence signal was ﬁtted in the initial dephasing
regime (ΔS/S0 < 0.3) to the function
π
Δ = +S
S
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Here the eﬃciency factor f (0 ≤ f ≤ 1) accounts for the extent
to which the dipolar coupling of spin I to spin S in the outer
Zeeman states inﬂuences the REDOR response. The eﬃciency
factor f was estimated based on the experimental measurement
conditions and the measured 23Na quadrupolar interaction
parameters using simulations with SIMPSON,46 as previously
described.45 The M2 values obtained from those above-
mentioned REDOR experiments can be compared with
calculations based on the structure models using the well-
known van Vleck equation:47
∑μπ γ γ= + ℏ
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where γI and γS are the gyromagnetic ratios of nuclear I and S
involved, and rSI are the internuclear distances.
31P{71Ga}
REAPDOR experiments were performed at a spinning rate of
12.0 kHz. The 31P and 71Ga nutation frequencies were 80 and
40 kHz, respectively. Measurements were done under steady-
state conditions with a 40 s recycle delay following a saturation
comb. The length of the 71Ga recoupling pulse corresponded to
1/3 of the rotor period.
■ RESULTS, DATA ANALYIS, AND INTERPRETATION
Bulk Characterization and Vibrational Spectra. Figure
1 shows the dependence of the glass transition temperature Tg
on the glass composition, x. For 0 ≤ x ≤ 0.15, Tg increases
sharply with increasing Ga2O3 content, remains approximately
constant over the range x = 0.15−0.22, and then increases
further at higher Ga2O3 contents. The anomaly seen in the x =
0.15 to 0.22 region signiﬁes a major structure transformation
regime, to be clariﬁed by the NMR work of the present study.
The behavior closely parallels that observed in analogous
NaPO3−Al2O3 glasses, where this transformation is observed
near x = 0.166.14
Figure 2 shows the Raman spectroscopic data. Wavenumbers
corresponding to scattering maxima are summarized in Table 1.
At high NaPO3 content, the spectra are dominated by two
Figure 1. Compositional dependence of Tg on x in (Na-
PO3)1−x(Ga2O3)x glasses.
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bands near 1160 and 680 cm−1. The ﬁrst band is clearly
attributed to (PO2) symmetric stretching vibrations associated
with the terminal oxygen species,13 while the second band has
been assigned to symmetric P−O−P bond stretching
vibrations. With increasing Ga2O3 content, the 680 cm
−1
band shifts to 750 cm−1. The latter band comes from P−O−
P bond stretching vibrations as well but from shorter chain
fragments.13 Parallel to this peak shift, the 1160 cm−1 band
shifts to lower wavenumbers and decreases in intensity,
disappearing near x = 0.20. A number of additional bands
near 1150−1060, 1000−1010, and 1200−1220 cm−1, which
come from (PO3)
13, (PO4),
48 and PO symmetric stretching
vibrations, respectively, indicate signiﬁcant structural trans-
formations of the phosphate species, presumably caused by P−
O−Ga linking. Speciﬁcally, the broad band at 1200−1220 cm−1
is assigned to a PO stretching mode of a Q0 species linked to
three Ga atoms (Q(0)3Ga).
49 We consider the proximity of this
band to the 1211 cm−1 band of the PO2 stretching mode in
Ga(PO3)3, a mere coincidence, as according to the NMR
results discussed below Q(2) units are absent in glasses with x ≥
0.2, where the 1200−1220 cm−1 band is particularly prominent.
In the low wavenumber region, a number of overlapping bands
appear over a range between 350 and 630 cm−1, which must be
assigned to diﬀerent vibrational modes associated with Ga−O
bonded structures.
71Ga MAS NMR and 71Ga{31P} REDOR. Figure 3 shows
71Ga MAS NMR spectra of the glass samples and the crystalline
model compounds Ga(PO3)3 and GaPO4. In the glasses, there
are three diﬀerent signals located at about −70, 16, and 105
ppm, which can be assigned to six-, ﬁve-, and four-coordinate
gallium, based on model compound work.20−23 At low Ga2O3
content (x ≤ 0.15), Ga3+ is dominantly six-coordinated while at
larger Ga contents, four-coordinate Ga(IV) environments are
increasingly favored. Substantial amounts of ﬁve-coordinate
gallium species are present as well. The relative quantiﬁcation
of these distinct sites is very diﬃcult, as owing to strong
anisotropic quadrupolar broadening and a distribution of
electric ﬁeld gradient components, the signals show signiﬁcant
spectral overlap. Furthermore, a separation of the isotropic
chemical shift and the second order quadrupolar coupling
parameter (PQ) via TQMAS is not possible in this case because
of insuﬃcient signal-to-noise ratio. Nevertheless, an eﬀort was
made to ﬁt the centerband region of the MAS NMR spectra to
three components corresponding to the three Ga coordination
states, modeling each component via a Czjzek line shape
governed by a distribution of quadrupole coupling parame-
ters.53 Representative results are included in Figure 3. To test
this approach in an independent way, static 71Ga NMR spectra
were recorded using the WURST-CPMG technique.38 Figure 4
gives an overview of the data, including eﬀorts of ﬁtting the line
shape to the overall spikelet envelope, yielding the nuclear
electric quadrupolar coupling parameters. For the model
compounds β-Ga2O3 and GaPO4, satisfactory ﬁts in excellent
agreement with published literature values were obtained,20,23
whereas the spectrum of crystalline Ga(PO3)3 appears to be
aﬀected by a distribution of quadrupolar coupling parameters as
well. Despite this complication, it was possible for Ga(PO3)3 to
obtain a satisfactory ﬁt to the static WURST-CPMG spectrum
at 7.05 T, the static CPMG spectrum at 9.4 T, and the 25 kHz
MAS NMR spectrum at 11.7 T, using the same set of
interaction parameters (Cq, ηq, and δiso; see Figure S2 and
Tables S1 and S2 of the Supporting Information). Incidentally,
Figure 2. Raman spectra of (NaPO3)1−x(Ga2O3)x glasses and of
crystalline Ga2O3, GaPO4, and Ga(PO3)3.
Table 1. Raman Scattering Maxima Observed in
(NaPO3)1−x(Ga2O3)x Glasses and Model Compounds and
Corresponding Peak Assignments
sample vibrational mode
wave number
(cm−1)
NaPO3 (P−O−P)sym of long chain 678
(PO2)sym 1162
0.05Ga2O3−0.95NaPO3 (P−O−P)sym of long chain 678
(PO2)sym 1158
0.10Ga2O3−0.90NaPO3 (P−O−P)sym of long chain 697
(P−O−P)sym of short chain 745
(PO3)sym 1058
(PO2)sym 1148
0.15Ga2O3−0.85NaPO3 (P−O−P)sym of long chain 707
(P−O−P)sym of short chain 750
(PO3)sym 1064
(PO2)sym 1132
PO 1222
0.20Ga2O3−0.80NaPO3 (P−O−P)sym of short chain 747
(PO3)sym 1051
(PO2)sym 1096
PO 1205
0.25Ga2O3−0.75NaPO3 (PO4)sym 1012
(PO3)sym 1063
PO 1201
0.30Ga2O3−0.70NaPO3 (PO4)sym 1012
(PO3)sym 1062
PO 1197
0.35Ga2O3−0.65NaPO3 (PO4)sym 1008
(PO3)sym 1059
PO 1195
Ga2O3
50 δ(GaO2) in octahedron 343
(GaO2)s in octahedron 413; 473
δ(GaO4) 626;
GaPO4
51 (GaO4)sym 651; 764
δ(PO4) 427; 455
(GaO4)sym 658; 672
(PO4)sym 1061
(PO4)asym 1191
Ga(PO3)3
52 δ(GaO2) in octahedron 314; 355
(GaO2)s in octahedron 427
δ(PO2) 502
(P−O−P)sym 668
(PO2)sym 1211
(PO2)asym 1238
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these parameters diﬀer signiﬁcantly from those published in a
previous study.20
In contrast to the situation with crystalline Ga(PO3)3, it
proved impossible for the glasses to ﬁt ﬁeld-dependent static
and MAS lineshapes to one consistent set of interaction
parameters. While the spectra at 7.05 and 9.4 T may still be
approximated by the same set of Cq, ηq, and δiso, these
parameters do not “work” for the MAS NMR spectrum (see
Tables S1 and S2 and Figure S3 of the Supporting Information,
which summarize the result for a glass with x = 0.075). We
understand these discrepancies to be the result of a very wide
distribution of 71Ga quadrupolar coupling parameters. These
aﬀect static and MAS NMR spectra in rather diﬀerent ways and
seriously complicate the spectral analysis. In the case of the
MAS NMR spectra, the separation of the Ga(IV) and the
Ga(VI) centerband signals from the concomitant spinning
sidebands of each other by MAS NMR is very diﬃcult within
the range of spinning speeds available (νr ≤ 33 kHz).
Furthermore, eﬀective line narrowing may only be achievable
for a fraction of Ga nuclei having lower Cq values up to a certain
limit, while no line narrowing is observed at all for Ga nuclei
with larger Cq values beyond this limit. With regard to the static
spectra, there may be overlap between the central transition
peaks of Ga nuclei having Cq values near the high end of the
distribution function with satellite transitions of Ga nuclei
having Cq values near the low end of the distribution function.
In the present case, we also ﬁnd that for glasses with x > 0.20, it
becomes impossible to ﬁt the WURST-CPMG lineshapes to a
realistic set of interaction parameters. Qualitatively, however,
the systematic intensity changes observed in the high-frequency
region suggest that a new type of Ga(IV) site appears in these
higher-Ga containing glasses, making a clear-cut deconvolution
impossible.
Despite all these caveats, tentative interaction parameters
have been deduced from both the static and the MAS NMR
spectra, which are summarized in Table 2, and document the
current discrepancies between the MAS NMR and the static
NMR parameters. Similar discrepancies have been noted before
for other quadrupolar nuclei in glasses and disordered
materials.54,55
Figure 5 shows results from 71Ga{31P} REDOR experiments
on the glasses and the Ga(PO3)3 standard. The corresponding
M2(
71Ga{31P}) values are included in Table 2. Only average M2
values are estimated by integrating the whole 71Ga signal
intensities, since the static spectra already suggest that the
individual Ga(IV), Ga(V), and Ga(VI) contributions are
impossible to separate cleanly, owing to the overlap of MAS
central peaks with one another and with spinning sidebands
arising from the anisotropic second-order quadrupolar broad-
ening eﬀects. The measured M2
Ga−P value of crystalline
Ga(PO3)3 is 8.3 × 10
6 rad2/s2, in reasonable agreement within
the value of 11.0 × 106 rad2/s2 calculated from the crystal
structure,56 including all the Ga···P distances with a range of 10
Å. For the glasses with x = 0.05 and 0.1, where the dominant
contribution probably arises from Ga(VI), we measure 10−11
× 106 rad2/s2. The similarity to the value for crystalline
Ga(PO3)3 suggests the gallium is fully connected to six
phosphorus atoms by Ga−O−P linkages; the fact that a
somewhat higher value is measured compared to Ga(PO3)3
may be attributed to additional contributions from longer-range
dipolar interactions in the glasses, which have a signiﬁcantly
higher P/Ga ratio than the model compound. Toward higher
Ga content, the M2
Ga−Pvalues gradually decrease to 8.4 × 106
rad2/s2 in the sample with x = 0.20. This eﬀect may be due to
the reduced average coordination number of Ga in these
glasses, as Ga(IV) units increasingly contribute to the gallium
speciation. The theoretical M2
Ga−P values in Ga(IV) connected
to four phosphorus through Ga−O−P linkages at the relevant
internuclear distance of 3.09 Å found in GaPO4
57 is 8.0 × 106
rad2/s2. For x > 0.22, the second moments decrease more
Figure 3. Left: Solid state 71Ga MAS NMR spectra of (NaPO3)1−x(Ga2O3)x glasses and of crystalline Ga(PO3)3. Asterisks mark spinning sidebands.
Right: tentative ﬁts (red curves) to individual contributions arising from Ga(IV), Ga(V), and Ga(VI); blue curves are the overall ﬁtting results; (a) x
= 0.30, (b) x = 0.20, and (c) x = 0.05.
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steeply, reaching M2
Ga−P = 5.0 × 106 rad2/s2, for x = 0.35. This
decrease indicates that other atoms besides phosphorus are
appearing in appreciable numbers in the second coordination
sphere of Ga3+. This behavior suggests the formation of Ga−
O−Ga linkages at this composition. Furthermore, it parallels
the spectroscopic changes observed in the MAS and WURST
NMR spectra beyond x = 0.20, leading to an overall decreased
resolution in the spectra. Excessive formation of Ga−O−Ga
linkages may be related to the limit of the glass forming region
found in this composition region; all our attempts of preparing
glasses with x > 0.35 resulted in opaque specimens.
One- and Two-Dimensional 31P MAS NMR Experi-
ments. Figure 6 summarizes the 31P MAS NMR spectra. The
spectrum of pure NaPO3 glass is dominated by a resonance
near −20.0 ppm, which can be attributed to metaphosphate-
type chain (Q20) units. With increasing x, the structure of this
resonance becomes more complex, develops a low-frequency
shoulder, and appears to consist of multiple contributions.
Furthermore, a new signal near −7.5 ppm becomes
progressively intense. For x ≥ 0.1, severely asymmetric
lineshapes suggest the presence of multiple signal contributions
within the frequency range from −5 to −20 ppm. Within the
concentration range of 0.175 ≤ x ≤ 0.25, increasing intensity
develops near −3 to −5 ppm, and a new signal contribution at
2 to 3 ppm can be detected.
For selected signal components, the number of P−O−P
linkages was assessed by J-resolved 2D 31P NMR. For glass with
x = 0.05 and 0.1 (see Figure 7, panels a and b), the signal near
−19.0 ppm yields the expected triplet for unmodiﬁed Q2
groups, while the signal at −7.5 ppm corresponds to a doublet,
leading to the conclusion that this species has only one P−O−P
linkage. For glass with x = 0.20 (see Figure 7c), the signal
components near about 2.0 ppm and −5.0 ppm produce
singlets, identifying these resonances as Q0 species. For such
higher gallium-containing glasses, the majority of the signal
arises from Q0 species, even though doublet contributions
appear to persist at the low-frequency end of the signal
envelope.
The results discussed above are reinforced by 1D refocused
(R-)INADEQUATE data. This experiment can help with
simplifying the 1D spectra by ﬁltering out the Q0 units and
detecting exclusively those phosphorus species engaged in P−
O−P connectivity, based on their common indirect spin−spin
interactions. This simpliﬁcation is most useful for attaining
more reliable line shape deconvolution parameters. Figure 8
illustrates the data for three representative compositions, x =
0.125, 0.20, and 0.22. Lineshape components indicated by the
red dashed curves denote Q0 species detected in single-pulse
NMR but found to be absent in R-INADEQUATE spectra. For
samples with low Ga content (such as x = 0.125), the single-
pulse and the 1D refocused INADEQUATE spectra are nearly
Figure 4. Static 71Ga WURST-QCPMG NMR spectra of (NaPO3)1−x(Ga2O3)x glasses and crystalline model compounds. Left side: stack plots of
compositional dependence. Right side: Lineshape ﬁts (red curves) to individual components; blue curves are the overall ﬁtting results. (a) Glass with
x = 0.075, (b) ß-Ga2O3, (c) Ga(PO3)3, and (d) GaPO4.
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identical, as expected. Note, however, there is some missing
signal intensity at −5.0 ppm, which must thus be attributed to a
Q0 species. Much clearer diﬀerences between the single-pulse
and the R-INADEQUATE spectra can be noted for the x =
0.20 and 0.22 samples, where the major line shape components
at 2.0 and −5.0 ppm can be attributed to Q0 species. P−O−P
connectivity is, however, clearly indicated for the resonances at
lower frequencies. This part of the spectrum can be tentatively
deconvolved into four diﬀerent components. On the basis of
chemical shift arguments, we propose that these components
correspond to Q1 species linked to diﬀerent numbers of gallium
neighbors (i.e., Q10Ga, Q
1
1Ga, and Q
1
2Ga units). In addition, a
Q21Ga species can be identiﬁed. We must note that the R-
INADEQUATE spectra do not reﬂect these species in the same
quantitative ratios as the single-pulse experiments, since the
signal intensities are strongly inﬂuenced by T2 relaxation as well
as by the value of the DQ excitation time in relation to the
scalar coupling constant J. In addition to these Q1 and Q2
species, the single-pulse spectra of the x = 0.2 and 0.22 samples
contain the Q0 line shape components that are not observed in
the R-INADEQUATE spectra. This part of the line shape has
been deconvolved into three individual components, corre-T
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Figure 5. 71Ga{31P} REDOR dephasing curves of (Na-
PO3)1−x(Ga2O3)x glasses and crystalline Ga(PO3)3. Solid curves
show parabolic ﬁts to the data.
Figure 6. Solid state 31P MAS NMR spectra of (NaPO3)1−x(Ga2O3)x
glasses. Minor peaks indicate spinning sidebands.
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sponding to the expected Q01Ga, Q
0
2Ga, and Q
0
3Ga units. Again,
the chemical shifts of these units decrease with an increasing
number n of connected Ga atoms. Finally, the spectra of
samples with x = 0.30 and 0.35 yield no detectable R-
INADEQUATE signal (see Figure 8, panels g and h),
indicating that the large majority of the phosphorus species
present in these samples are Q0 units.
Figure 9 shows results from DQ-DRENAR, which conﬁrms
the above conclusions and deconvolutions. The values of Σkbjk2
extracted from eq 1 are listed in Table 3. Experimental and
calculated results for some crystalline model compounds are
included. Clearly, the DRENAR behavior assists in diﬀer-
entiating the three distinct groups of phosphorus species (Q0,
Q1, and Q2) based on the strength of the homonuclear 31P−31P
dipole−dipole interactions. For the glass with x = 0.075, the
two signal components near −20 and −7.5 ppm show rather
diﬀerent DRENAR curves, conﬁrming the proposed distinction
between Q2 and Q1 components. Likewise, for the glass with x
= 0.20, the shoulder observed near −5.0 ppm shows a greatly
diminished DRENAR eﬀect (Q0 units) as compared to the
dominant lower-frequency component (Q1 units). For all
samples with x ≥ 0.25, the average values of Σkbjk2 indicate the
dominance of Q0 units, consistent with the data from J-resolved
and R-INADEQUATE experiments.
31P{71Ga} REAPDOR Experiments. The proposed decon-
volution of the poorly resolved 31P MAS NMR spectra into
multiple components associated with the various Q0nGa, Q
1
nGa,
and Q2nGa units can be tested further with experiments sensitive
to 31P/71Ga magnetic dipole−dipole coupling (P−O−Ga
connectivity). In this connection, the 31P{71Ga} REAPDOR
Figure 7. Two-dimensional J-resolved spectra of (NaPO3)1−x(Ga2O3)x glasses. J-coupling multiplets at speciﬁc chemical shifts are plotted beneath.
(a) x = 0.05; (b) x = 0.10; (c) x = 0.20; and (d) x = 0.35.
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pulse sequence is expected to be suitable, and distinctly
diﬀerent REAPDOR curves are expected if the deconvolution is
valid. Figure 10 shows results from 31P{71Ga} REAPDOR
experiments on the model compounds GaPO4 and Ga(PO3)3
and on two glass samples with x = 0.075 and 0.20. For the
sample x = 0.075, the dephasing at about 7 ppm conﬁrms the
attribution of this signal to Q11Ga units. Furthermore, the signal
at about −20 ppm, attributed to Q20 units in pure NaPO3 glass
(and thus not expected to yield any dephasing in the 71Ga
dipolar ﬁeld) also shows a diminution via recoupled 31P/71Ga
dipolar interactions, suggesting that non-negligible amounts of
Ga-bound phosphorus nuclei contribute intensity in this
spectral region. In addition, Figure 10a reveals that the extent
of dephasing at about −13 ppm is stronger than in other
regions. Similar results were obtained for glasses with
composition x = 0.05 (data not shown). If there were no
additional signal between the two resolved signals, this
overlapping region should show much less dephasing eﬀect
than Q11Ga. These results suggest that the two resolved
resonances may actually encompass at least four diﬀerent
spectral contributions, which is consistent with the results from
the refocused INADEQUATE and DQ-DRENAR experiments
described above.
The 31P{71Ga} REAPDOR dephasing data curves of Figure
10 are compared with SIMPSON simulations based on
internuclear distances of 3.24 and 3.09 Å, such as they are
found in the model compounds Ga(PO3)3 (six-coordinate Ga)
and GaPO4 (four-coordinate Ga), respectively,
56,57 as well as
the nuclear electric quadrupole coupling information extracted
from Figure 4. The simulations also take into consideration the
statistics of the order of the spin system encountered, as 71Ga
has only a 39.89% natural isotopic abundance. Thus, in
Ga(PO3)3, where each P is coordinated to two Ga atoms, the
REAPDOR curve comprises a 36% contribution with no
dephasing, a 48% contribution of a 71Ga−31P spin pair, and a
16% contribution of a 31P−71Ga2 three-spin system (the angle
between the dipolar vectors of the latter is assumed to be
109.5° approximating a tetrahedral local geometry around
phosphorus). In GaPO4, where each P is coordinated to four
Ga atoms, binomial statistics predict that the simulated
REAPDOR curve comprises a 13% contribution with no
dephasing, a 34.5% two-spin contribution, a 34.5% three-spin
contribution, and a 15% four-spin contribution. The 2.6%
contribution arising from the ﬁve-spin interaction can be (and
was) neglected. Note that the experimental data ﬁt the
simulated spectra very well, adding conﬁdence in the quality
of the data.
In the case of the glasses, the REAPDOR dephasing of the
various distinct deconvolution components proposed on the
basis of the R-INADEQUATE experiments were analyzed
separately. For example, in the low-Ga sample (x = 0.075), the
component at about −18.6 ppm shows a weak dephasing eﬀect,
justifying its assignment to Q20 species. All the other signals
show dephasing in 31P{71Ga} REAPDOR, with the extent of
dephasing for the components at −7.4 and −21.6 ppm
distinctly weaker compared to the dephasing measured for
the components at −13.4 and −27.4 ppm. From this, we
conclude that the former phosphorus species corresponds to
Q11Ga and Q
2
1Ga units, whereas the latter can be assigned to
Q12Ga and Q
2
2Ga units, respectively. Our previous tentative
assignments based on the chemical shift trends are thus
conclusively conﬁrmed by the REAPDOR results. We note that
for the glasses, the overall extent of the dephasing always
appears lower than theoretically expected on the basis of the
corresponding statistically weighed one-, two-, and three-spin
simulations. Possible reasons for these discrepancies might be
(1) somewhat longer PGa distances in the glasses than in the
Figure 8. Comparison between 31P MAS NMR spectra obtained by
90° single-pulse (SP) and 1D refocused INADEQUATE on
(NaPO3)1−x(Ga2O3)x glasses. (a and b), (c and d), as well as (e and
f) are the SP and refocused INADEQUATE of samples with x = 0.125,
0.2, and 0.22, respectively. The dashed curves show the deconvolution
components. The red dashed curves in the SP spectra indicate the
chemical shifts of the Q0 units, whose signals are suppressed in the
refocused INADEQUATE spectra. In (g and h), which show the
spectra of samples with x = 0.3 and 0.35, the solid and dotted curves
show the single-pulse and the refocused INADEQUATE spectra,
respectively.
Figure 9. 31P DQ-DRENAR data of (NaPO3)1−x(Ga2O3)x glasses. For
the samples with x = 0.075 and 0.2 individual curves for diﬀerent Qn
species are shown.
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crystalline model compounds and (2) inaccuracies in the
average nuclear electric quadrupolar coupling constants caused
by very wide distribution eﬀects of the latter. In addition, we
have to bear in mind that the deconvolution itself must be
considered an approximation only.
23Na MAS NMR Results. Table 4 summarizes the results
from 23Na TQMAS measurements. The isotropic chemical
shifts appear nearly independent of composition (only a slight
low-frequency shift is noted), suggesting a rather constant local
environment of the sodium nuclei. Furthermore, to understand
the interaction between 23Na and 31P, 23Na{31P} REDOR and
31P{23Na} REDOR decay curves were measured for represen-
tative samples (see Figures 11 and 12). The ΔS/S0 values were
obtained by integrating the entire line shape. The correspond-
ing dipolar second moments extracted from these measure-
ments, M2
Na−P and M2
P−Na, respectively, are listed in Table 4.
Both of these values are found nearly independent of
composition. These results indicate again that all the Na+
ions are around the phosphate tetrahedra, and the average
distribution of Na+ around phosphorus does not change.
Gallium appears to have no dispersing eﬀect on Na+ (e.g., no
signiﬁcant amount of Na+ is directed toward gallium to form
Ga−O−Na+ proximities), similar results were previously
observed in Al2O3−NaPO3 glasses.
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Additional information on the distribution of the sodium
ions around diﬀerent phosphorus species is available from
31P{23Na} REAPDOR spectroscopy. As illustrated in Figure 13,
diﬀerent signal components show a diﬀerent extent of dipolar
dephasing of the 31P spins in the 23Na dipolar ﬁeld. With the
use of the deconvolution approach described above, the results
suggest that the dephasing of Q11Ga is stronger than that of the
Q21Ga+ Q
2
2Ga units, while the dephasing of Q
2
0 and Q
1
2Ga is
almost the same as the average eﬀect. These results suggest that
the Q11 units attract, on average, more Na
+ ions than the other
units do, and the Q21 and Q
2
2 species do tend to attract the
Table 3. 31P−31P Homonuclear Dipolar Coupling Eﬀect Expressed in the Values of Σkbjk2 ± 10% via eq 1 Measured by DQ-
DRENAR in (NaPO3)1−x(Ga2O3)x Glasses. For the Samples x = 0.075 and 0.20, Individual Spectroscopically Resolved or
Deconvolved Components are Analyzed
x 0.075 0.2 0.25 0.30 0.35 Ga(PO)3 GaPO4
position −7.2 ppm −13.2 ppm −18.6 ppm −21.5 ppm (3 ppm) +
(−4.5 ppm)
(7.4 ppm) +
(−13.1 ppm)
Σkbjk2
(105 Hz2)
10.5 (Q11Ga,) 10.9 (Q
1
2Ga) 16.4 (Q
2
0Ga) 16.6 (Q
2
1Ga) 5.1 (Q
0
2Ga) +
(Q03Ga)
10.1 (Q11Ga) +
(Q12Ga:)
4.2a 4.0a 3.6a 18.9ref 34 4.8
aAverage value of the whole spectrum.
Figure 10. 31P{71Ga} REAPDOR results. (a) Comparison between the REAPDOR spectrum (dashed curve) and the spin echo spectrum (solid
curve) of a glass sample with x = 0.075 at 2.5 ms dipolar evolution time. (b) Normalized REAPDOR diﬀerence signal intensity at three diﬀerent
dipolar mixing times for a glass with x = 0.075. (c) Normalized REAPDOR diﬀerence signal intensity at two diﬀerent dipolar mixing times for a glass
with x = 0.20. (d) Normalized REAPDOR diﬀerence signal intensity measured for the crystalline model compounds GaPO4 and Ga(PO3)3. Dashed
curves denote simulations based on the input parameters given in the text; the black, red, and green lines represent 2-, 3-, and 4-spin systems. For
each simulation two diﬀerent P−Ga distances [3.09 Å (short dashed curves) and 3.24 Å (long dashed curves)] are considered, which are the
distances in GaPO4 and Ga(PO3)3, respectively.
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smallest amount of sodium ions. As discussed below, this result
can be rationalized on the basis of bond valence considerations.
Finally, we note the complementary character of the
information provided by the 31P{23Na} REDOR and REAP-
DOR experiments. REDOR emphasizes the dipolar eﬀect
exerted by those 23Na nuclei that are in the central Zeeman
states and allows us to deduce dipolar second moments with eq
3. In contrast, the adiabatic 23Na Zeeman state transfers
eﬀected in 31P{23Na} REAPDOR increase the dipolar eﬀect of
the 23Na nuclei in the noncentral Zeeman states, causing
signiﬁcantly stronger dephasing and making the eﬀect more
suitable for spectral editing purposes. Therefore, we use 31P-
{23Na} REAPDOR to more clearly distinguish the dephasing
behavior of the diﬀerent types of 31P species (e.g., Figure 13).
■ DISCUSSION
Phosphorus Speciations in (NaPO3)1−x-(Ga2O3)x
Glasses. On the basis of the above-described advanced solid
state NMR experiments, the line shape parameters of the nine
diﬀerent phosphorus QnmGa species listed in Table 5 have been
deduced (see Figure 14). Their individual chemical shifts show
slight monotonic dependences on composition because of
changing connectivities as a function of x. The variation of peak
widths was kept to a minimum. To check how realistic the
deduced speciations are, we can examine two additional criteria
that must be fulﬁlled: (1) charge balance (i.e., the total number
of negative charges distributed in the network must be equal to
the total number of charges from sodium and gallium ions) and
(2) mass balance (i.e., the total number of P−O−Ga linkages
deduced from 31P NMR must be equal to the total number of
Ga−O−P− linkages deduced from 71Ga NMR.
With regard to charge balance, we consider, for book keeping
purposes, each gallium atom initially as a network modiﬁer
species, contributing three positive charges to the cation charge
inventory, while each sodium ion contributes one positive
charge. Thus, the total count of cationic charges is given by
[Cat] = (1 − x) + 6x. As for the anionic species, we count each
of the various Q(2), Q(1), and Q(0) units as contributing one,
two, and three negative charges respectively (i.e., [An] = (1 −
x)*[f(Q2) + 2f(Q1) + 3f(Q0], where the f i are the fractional
areas in the 31P MAS NMR spectra for each group of Qn
species. While bond valence considerations (see below) suggest
that the actual charges located on each of the units will also
depend on the number m of Ga3+ species attached and their
respective coordination numbers, the total sum of these anionic
charges located on the phosphate species must be conserved.
As shown in Figure 15, the structural speciation derived from
NMR indeed meets the charge conservation criterion, up to x =
0.20. At higher Ga concentrations, signiﬁcant deviations occur,
however, suggesting that part of the gallium atoms do not act
like a network modiﬁer anymore. As discussed above, there is
spectroscopic evidence for a new type of gallium species which
takes the role of a network former species, present in the form
of anionic GaO4/2
− units.
With regard to mass balance, the 71Ga{31P} REDOR results
are consistent with the near-absence of Ga−O−Ga linkages for
all glass compositions with x ≤ 0.20. Thus, the number of Ga−
O−P linkages is given by
− − = < > · x[Ga O P] CN 2Ga (5)
where <CN>Ga is the average coordination number of gallium,
to be estimated from either the static 71Ga WURST or the MAS
NMR lineshapes (we consider the former more accurate).
Because of the serious component overlap of the various sites
observed in the 71Ga static and MAS NMR spectra, only
approximate numbers of <CN>Ga are available from the data in
Table 2. The number of P−O−Ga linkages is given by
− − = − Σx m f[P O Ga] (1 ) (Q )nmGa (6)
where the f(QnmGa) denotes the fractional area of each
individual phosphate species (linking to m gallium atoms) in
the 31P NMR spectrum. Figure 16 summarizes the result. We
note that up to x = 0.125, the concentrations of the
Table 4. 23Na Chemical Shift, Quadrupolar Coupling
Parameter PQ, and the
23Na/31P Dipolar Second Moments
for (NaPO3)1−x(Ga2O3)x Glasses
a
x
δcs/
ppm
PQ/
MHz f
M2(
31P{23Na})
(106 rad2/s2)
M2(
23Na{31P})
(106 rad2/s2)
0 −1.6 2.0 0.0320 24.1 3.7
0.05 n.m. n.m. n.m. n.m. 3.8
0.075 −3.4 2.0 0.0237 22.3 3.8
0.1 n.m. n.m. n.m. n.m. 3.6
0.15 −4.0 1.9 0.0587 20.0 3.3
0.20 −4.3 1.9 0.0363 20.1 3.3
0.22 n.m. n.m. n.m. n.m. n.m.
0.25 n.m. n.m. n.m. n.m. 3.3
0.30 −3.4 2.2 0.0240 24.2 3.8
0.35 −5.3 1.8 n.m. n.m. 3.5
aThe errors for the parameters δcs, PQ, and f are less than ±0.3 ppm, ±
0.1 MHz, and ±0.0005, respectively. Typical errors for the M2 values
are ±10%. n.m.-not measured.
Figure 11. 23Na{31P} REDOR dephasing curves of (Na-
PO3)1−x(Ga2O3)x glasses.
Figure 12. 31P {23Na} REDOR dephasing curves of (Na-
PO3)1−x(Ga2O3)x glasses.
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heteroatomic linkages derived from both spectroscopic
methods are in excellent agreement with each other. Within
the range of 0.125 < x ≤ 0.25, the agreement is still reasonable,
considering that the error in the ﬁtting of the Ga spectra could
be pretty large. For all of these samples, the values estimated for
[Ga−O−P] by eq 5 exceeded those deduced experimentally for
[P−O−Ga] by eq 6, suggesting that the inherent assumption
made in eq 5, namely that the gallium atoms are exclusively
Figure 13. 31P{23Na} REAPDOR experiment of x = 0.075 glass. (a) Comparison of spectra with and without 23Na irradiation at a dipolar evolution
time of 1.0 ms. (b) Site-resolved 31P{23Na} REAPDOR dephasing curves.
Table 5. 31P NMR Spectral Fitting Parameters of Glasses in (NaPO3)1−x(Ga2O3)x Glasses
x
phosphorus
species
δcs
iso
[ppm (±0.3)]
fwhm
[ppm (±0.3)]
area(mol %)
(±2) x
Phosphorus
Species
δcs
iso
[ppm (±0.3)]
fwhm
[ppm (±0.3)]
area(mol %)
(±2)
058 Q10Ga 0.0 5.2 1 0.175 Q
0
1Ga 10 5.5 0.8
Q20Ga −19.8 7.6 99 Q02Ga 3.1 7.4 5.5
0.025 Q10Ga 1.0 4.1 1 Q
0
3Ga −5.2 9.7 27.4
Q11Ga −7.6 7.0 11.9 Q10Ga 1.1 4.7 1.3
Q12Ga −13.2 7.8 4 Q11Ga −7.5 7.5 28.9
Q20Ga −19.9 7.6 73.5 Q12Ga −13.1 8 27.8
Q21Ga −22.5 8 8.2 Q21Ga −18.4 8 6.9
Q22Ga −29.6 8 1.4 Q22Ga −23.4 8.5 1.4
0.05 Q10Ga 1.2 4.4 1.4 0.20 Q
0
1Ga 10 7.7 2
Q11Ga −7.4 7 18.3 Q02Ga 3.3 7.4 8.5
Q12Ga −13.3 7.8 11.4 Q03Ga −4.5 9.8 36.6
Q20Ga −19.6 7.5 51.7 Q10Ga 1.1 4.6 1.7
Q21Ga −22.5 8 15.1 Q11Ga −7.4 7.5 24.9
Q22Ga −29.3 8.5 2.1 Q12Ga −13.1 8 21.6
0.075 Q10Ga 1.4 4.7 1.6 Q
2
1Ga −18.6 8 4.7
Q11Ga −7.2 7.2 29.1 0.22 Q01Ga 10 7.7 3.6
Q12Ga −13.2 7.8 17.3 Q02Ga 3.4 7.3 10.7
Q20Ga −18.6 7.5 29.5 Q03Ga −3.5 10.2 52
Q21Ga −21.5 8 20.1 Q10Ga 1.0 4.7 1.4
Q22Ga −27.8 8.5 2.4 Q11Ga −7.3 7.6 16
0.10 Q02Ga 2.2 7.7 0.7 Q
1
2Ga −13.0 8 13.5
Q10Ga 1.4 4.6 1.7 Q
2
1Ga −18.5 8 2.8
Q11Ga −7.2 7.4 34.3 0.25 Q01Ga 10 7.7 3.8
Q12Ga −13.2 8 26.1 Q02Ga 2.8 7.4 14.9
Q20Ga −17.6 7.5 7.6 Q03Ga −3.4 10.2 70.5
Q21Ga −20.1 8 24.6 Q11Ga −7.5 7.5 3.8
Q22Ga −26.0 8.5 5 Q12Ga −13.1 8 6.2
0.125 Q02Ga 3.5 7.5 1.3 Q
2
1Ga −18.3 8 0.8
Q03Ga −5.7 9.5 5.9 0.30 Q01Ga 10 7.7 2.5
Q10Ga 1.1 4.7 1.5 Q
0
2Ga 2.8 7.4 9.2
Q11Ga −7.2 7.3 36.3 Q03Ga −3.0 10.8 83.5
Q12Ga −13.0 7.9 31.9 Q12Ga −13.1 8 4.8
Q21Ga −19 8 18.5 0.35 Q01Ga 10.1 7.7 2.1
Q22Ga −25 8.5 4.6 Q02Ga 2.4 7.4 5.5
0.15 Q02Ga 3.3 7.3 3 Q
0
3Ga −2.7 11 87.8
Q03Ga −5.6 9.6 16.3 Q12Ga −13.2 8 4.6
Q10Ga 1.2 4.6 1
Q11Ga −7.25 7.4 33.3
Q12Ga −13.0 8 32.8
Q21Ga −18.8 8 11.6
Q22Ga −24.6 8.5 2
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linked to P via oxygen, may not be completely valid and that
some Ga−O−Ga linkages are occurring as well. From Figure 16
we can estimate, however, that the fraction of such linkages
does not exceed 10%, consistent with the results from 71Ga-
{31P} REDOR. As x reaches and exceeds the value of 0.25, both
the 71Ga static and MAS NMR lineshapes and the REDOR
results indicate a profound change in the glass structure. Of
course, the discrepancy between the experimental [P−O−Ga]
value, which is now signiﬁcantly lower than the assumed [Ga−
O−P] value, indicates that above x = 0.25 the second
coordination sphere must also contain Ga−O−Ga linkages.
As discussed below, this conclusion is a natural consequence of
the chemical composition, which demands the formation of
Ga−O−Ga linkages in this concentration range. Furthermore,
the less-than perfect agreement for glasses with compositions
between x = 0.125 to x = 0.25 may be taken as evidence that
Ga−O−Ga linkages are already occurring at low levels in this
composition range.
Structural Modeling for (NaPO3)1−x-(Ga2O3)x Glasses
and Comparison With Experimental Gallium Specia-
tions. On the basis of the above-discussed results, the Ga
speciations derived from either static or MAS NMR can be
compared with the predictions of a simple structural model,
initially developed for aluminophosphate glasses.13−18 This
model considers the coordination state of the gallium modiﬁer
Figure 14. Deconvolutions of 31P MAS NMR spectra for (NaPO3)1−x(Ga2O3)x glasses. The spectra are deconvolved into nine diﬀerent components
ascribed to QnmGa units. The dotted, dash-dotted, and dashed lines indicate assignment of n to 0, 1, and 2, respectively, and m to 0, 1, and 2 with the
chemical shift positions decreasing. The exact chemical shift positions are listed in Table 5.
Figure 15. Charge balance in (NaPO3)1−x(Ga2O3)x glasses, assuming
all Ga atoms contribute three positive charges.
Figure 16. Mass balance in (NaPO3)1−x(Ga2O3)x glasses, comparing
the number of Ga−O−P bonds estimated by assuming exclusive
ligation of Ga with phosphorus, with the number of P−O−Ga bonds
derived from 31P NMR line shape analysis.
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species to be determined by the type of phosphate anion
present in the glass network. The basic idea is the following: as
long as the charge compensating anions are of the
metaphosphate (Q2) or pyrophosphate (Q1) type, gallium
prefers the six-coordinate state, whereas the presence of
orthophosphate ions promotes the formation of four-
coordinated gallium. The appearance of ﬁve-coordinate gallium
may be related to coexisting Q1 and Q0 units. The quantitative
distribution of the various phosphate anions is reﬂected by the
O/P ratio in the glass, which adopts the values of O/P = 3.0,
3.5, 4.0 for meta-, pyro-, and orthophosphate anions,
respectively. According to this model, Ga remains exclusively
6-fold coordinate for glasses with O/P ≤ 3.5 (corresponding to
the pyrophosphate stoichiometry with x = 0.143). Above this
concentration, the amount of phosphate present no longer
suﬃces to produce exclusively Ga(OP)6 units. Therefore,
within the concentration region of 0.143 ≤ x ≤ 0.25, gallium is
successively converted to the four-coordinated state, corre-
sponding to Ga(OP)4 units. x = 0.25 corresponds to the
limiting composition, at which all of the cationic charges of
Ga3+ and Na+ can be entirely compensated by PO4
3− anions
(i.e., this is the highest possible Ga concentration at which its
second coordination sphere can be completely dominated by
phosphorus). Higher Ga contents can be accommodated in the
glass structure, only if the Ga species itself acts like a network
former. For example, we can consider the formation of anionic
GaO4/2
− species in analogy to the situation in boron- and
aluminum-containing glasses. Considering the formation of y
such GaO4/2
− units, the total cationic charge inventory is given
by the sum of the contributions of Na+, (1 − x), and Ga3+, 3(2x
− y). Assuming all phosphate to be present in the form of Q0
units, the total anionic charge inventory is given by the sum of
the contributions of orthophosphate, 3(1 − x), and GaO4/2−:
units, y. Thus, we need to solve the charge balance equation:
− + − = − +x x y x y(1 ) 3(2 ) 3(1 ) (7)
For x = 0.25, 0.3, and 0.35, we obtain y = 0, 0.1, and 0.2,
respectively, corresponding to zero, 16.7%, and 28.5% of all
gallium atoms present in the role of a network former species.
Figure 17 compares the gallium speciations predicted by this
model and those obtained experimentally on the basis of either
MAS or static NMR data (Table 2). In carrying out this
comparison, half of the ﬁve-coordinate Ga from Table 2 is
assumed to contribute to the Ga(IV) inventory, and the other
half is assumed to contribute to the Ga(VI) inventory. The
amount of gallium network former species present in the form
of GaO4/2
− units is rather diﬃcult to quantify from 71Ga NMR
line shape analyses (static or MAS alike). We estimate the
fraction of these species from the second moments quantifying
the 71Ga/31P magnetic dipole−dipole interactions, as measured
by REDOR (see Table 2):
= −− x R xy(GaO )( ) 1 ( )4/2
where
= =R x M x M x( ) ( Ga{ P})( )/ ( Ga{ P}) ( 0.20)2 71 31 2 71 31
(8)
This expression is based on the above-described Exper-
imental Section result that in the x = 0.20 sample the second
coordination sphere of all the Ga species is still completely
dominated by phosphorus, and no Ga−O−Ga linkages are
present to an appreciable extent. Note the estimation by eq 8 is
a simpliﬁcation, as it assumes a bimodal distribution of M2
values between 8.4 × 106 rad2/s2 for Ga(OP)4 units and zero
for GaO4/2
− species. We neither consider the fact that Ga
species in mixed phosphate-gallate environments have lower M2
values, nor do we consider the fact that the M2 value for the
anionic gallate species will not be quite zero, owing to the
presence of longer-range interactions. However, both of these
simpliﬁcations lead to some errors which tend to compensate
each other. Figure 17 illustrates that the model, despite its
simpliﬁcations, provides a good semiquantitative description of
the structure and medium range order of (NaPO3)1−x(Ga2O3)x
glasses.
Local Charges on the Phosphate Species. Finally, the
actual charges located on the various QnmGa species need to be
re-evaluated based on some bond valence considerations. The
charges (and thus, the number of sodium ions required for their
compensation) on each Qn species are signiﬁcantly modiﬁed by
the gallium atoms bound to them and their respective
coordination states. Consider, for example the quartz-like
structure of GaPO4: the four oxygen atoms linking the Q
0-type
phosphate unit (bond valence 1.25) to the tetrahedral Ga
species (bond valence 0.75) are locally neutral and thus no
charge compensation by Na+ is needed. In other words, each
such P−O−Ga(IV) linkage withdraws 0.75 electrons from the
triply charged Q0 species. Similar considerations of the
structure of Ga(PO3)3, where each metaphosphate group is
bound to two octahedrally coordinated Ga atoms lead to the
conclusion that each P−O−Ga(VI) bond withdraws 0.5
electrons from a singly charged Q2 or a doubly charged Q1
group. Therefore, more realistic depictions of the various QnmGa
environments are shown in Figure 18. This ﬁgure oﬀers a good
explanation for the diﬀerences in their respective dipolar
dephasing in the 31P{23Na} REAPDOR experiments as shown
in Figure 13: the Q11Ga unit, being the most highly charged
group, has a higher local concentration of sodium ions and
hence the strongest 31P−23Na dipole−dipole interactions. An
intermediate situation is found for the Q12Ga and Q
2
0Ga units,
whereas the dipolar coupling with 23Na is weakest for the Q21Ga
and Q22Ga groups, which possess the lowest local charges of 0.5
and zero. Figure 18 also provides a rationale for the relative
abundances of certain units, which are found to be highly
nonstatistical: units in which local charges are low and/or
dispersed over several oxygen atoms tend to be preferred,
whereas highly charged units, such as Q01Ga and Q
1
0, tend to be
Figure 17. Ga speciation and comparison with a structural model (see
text) in (NaPO3)1−x(Ga2O3)x glasses. Circles: Ga(OP)4 units; squares:
Ga(OP)6 units, triangles: GaO4/2 units linked to Ga. The solid and
empty symbols represent results from static WURST-QCPMG and
MAS NMR spectra, respectively. The dashed lines show predicted
values based on the model.
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avoided. Finally, uncharged Q22Ga units and Q
0
4Ga units can be
considered unstable as well, as they do not contribute anything
to the dispersal of the positive charges introduced by the
sodium network modiﬁer species. In contrast, Q03Ga appears to
be a particularly stable unit. Its high concentration is clearly
evident from both the NMR analysis (Table 5) and the
prominence of 1200−1220 cm−1 Raman scattering peak,
reﬂecting the isolated PO stretching mode present in such
units (see Figure 18).
Correlation of Bond Connectivity with the Value of
the Glass Transition Temperature. In the end, a structural
rationale for the Tg versus x data (see Figure 1) can be found
on the basis of the connectivity information contained in Table
5. In doing so, we count the number of bridging oxygen species
[BO], including all the P−O−P, P−O−Ga, and Ga−O−Ga
linkages and denote their contribution (in percent) to their
overall oxygen inventory. Figure 19 illustrates that this number
initially increases steeply as the metaphosphate/pyrophosphate
network is successively cross-linked by Ga(VI)−O-P bonds
with addition of each Ga species. Following the model of Figure
17, this process is completed for x = 0.143, and subsequently,
the glass is reconstructed by the successive conversion of fully
phosphate-linked Ga(VI) units to fully phosphate-linked
Ga(IV) units. This process, in which the decrease in P−O−P
linkages is balanced by an increase in Ga−O−P linkages, does
not alter the concentration of bridging oxygen species [BO]
present in these glasses, which remains nearly constant within
the composition range of 0.15 ≤ x ≤ 0.25, precisely where the
value of the glass transition temperature remains constant as
well. Beyond x = 0.25, [BO] increases again, as with increasing
x new Ga−O−Ga linkages are being formed. Figure 19
illustrates that the trend of Tg-values versus x closely follows the
corresponding trend observed for the [BO] values, reaﬃrming
Figure 18. Structural depictions of the various QnmGa sites in Ga2O3−NaPO3 glasses, including the negative charges localized on them. For the Q0
units, all the bonded Ga3+ are assumed to be Ga(IV).
Figure 19. Analogous trends of [BO] (fractional contribution of the
total O content that is bridging, ▲) and Tg (■) vs x in
(NaPO3)1−x(Ga2O3)x glasses.
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once again that in oxide glasses, the compositional trend of the
glass transition temperature can be rationalized on the basis of
NMR-local structural information. Similar excellent correlations
have been previously observed in borophosphate and
germanophosphate glasses, where the group-III or group-IV
elements undoubtedly must be considered a network former
species.26,58−60 Likewise, the results of the present study
suggest that both the Ga(OP)6 and Ga(OP)4 linkages as well as
the Ga−O−Ga linkages should be considered as part of the
glassy network as they clearly contribute to its strength and
stability.
■ CONCLUSIONS
In summary, we have developed a comprehensive structural
model for the (NaPO3)1−x-(Ga2O3)x glass system. Up to x =
0.25, the structure of these glasses can be described by formally
assuming the gallium species to act like network modiﬁer
species (neglecting the low level of Ga−O−Ga bonding within
0.125 ≤ x ≤ 0.25), accomplishing successive network
depolymerization along the transition Q2 → Q1 → Q0. Within
this compositional region, the second coordination spheres of
all the gallium atoms are dominated by phosphorus species.
Using complementary advanced one- and two-dimensional
experiments, the poorly resolved 31P MAS NMR spectra can be
deconvolved in an unambiguous fashion, giving a detailed
insight into the species and connectivity distributions in the
present glasses. Gallium is present in multiple coordination
states Ga(IV), Ga(V), and Ga(VI). There appears to be a clear
relationship between the gallium coordination number and the
nature of the charge compensating phosphate species: at low
Ga2O3 contents (x < 0.15), where Q
2 and Q1 units comprise
the structural framework, Ga tends to be six-coordinated,
whereas at higher Ga2O3 contents (0.15 ≤ x ≤ 0.25), where the
network has been depolymerized to Q0 units, four-coordinate
gallium species dominate. For Ga2O3 contents with x > 0.25
charge and mass balance considerations as well as spectroscopic
evidence indicate the presence of additional Ga−O−Ga
linkages. Even for this compositional region, 31P/23Na double
resonance results indicate that gallium has no detectable
dispersing eﬀects on the Na+ ions in these glasses. While all
these chemical ordering features are consistent with gallium
acting as a network modiﬁer, Figure 19 makes it clear that Ga−
O−P and Ga−O−Ga linkages should be viewed as part of the
framework structure. These ﬁndings manifest the dual role of
Ga2O3 as an intermediate oxide in the structural organization of
phosphate glasses.
■ ASSOCIATED CONTENT
*S Supporting Information
Diﬀerential calorimetry thermograms, 71Ga WURST, individual
best-ﬁt deconvolution parameters, joint ﬁtting parameters, and
MAS NMR spectra of Ga(PO3)3 and Ga2O3−NaPO3 glasses
and their peak deconvolutions. This material is available free of
charge via the Internet at http://pubs.acs.org.
■ AUTHOR INFORMATION
Corresponding Author
*E-mail: eckerth@uni-muenster.de; eckert@ifsc.usp.br.
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
We acknowledge funding by FAPESP, Grant 2013/07793-6
(CeRTEV: Center for Research, Technology and Education in
Vitreous Materials). Support by the Deutsche Forschungsge-
meinschaft-Sonderforschungsbereich SFB 858 and the Wissen-
schaftsministerium NRW is also appreciated.
■ REFERENCES
(1) Ahoussou, A. P.; Rogez, J.; Kone, A. Thermodynamical
Miscibility in 0.8[xB2O3−(1− x)P2O5]−0.2K2O Glasses. J. Non-
Cryst. Solids 2007, 353, 271−275.
(2) Saranti, A.; Koutselas, I.; Karakassides, M. A. Bioactive Glasses in
the System CaO−B2O3−P2O5: Preparation, Structural Study and in
Vitro Evaluation. J. Non-Cryst. Solids 2006, 352, 390−398.
(3) Knowles, J. C. Phosphate Based Glasses for Biomedical
Applications. J. Mater. Chem. 2003, 13, 2395−2401.
(4) Bernstein, L. R. Mechanisms of Therapeutic Activity for Gallium.
Pharmacol. Rev. 1998, 50, 665−682.
(5) Kaneko, Y.; Thoendel, M.; Olakanmi, O.; Britigan, B. E.; Singh, P.
K. The Transition Metal Gallium Disrupts Pseudomonas Aeruginosa
Iron Metabolism and Has Antimicrobial and Antibiofilm Activity. J.
Clin. Invest. 2007, 117, 877−888.
(6) Valappil, S. P.; Ready, D.; Abou Neel, E. A.; Pickup, D. M.;
Chrzanowski, W.; O’Dell, L. A.; Newport, R. J.; Smith, M. E.; Wilson,
M.; Knowles, J. C. Antimicrobial Gallium-Doped Phosphate-Based
Glasses. Adv. Funct. Mater. 2008, 18, 732−741.
(7) Ilieva, D.; Jivov, B.; Bogachev, G.; Petkov, C.; Pencov, I.;
Dimitriev, Y. Infrared and Raman Spectra of Ga2O3−P2O5 Glasses. J.
Non-Cryst. Solids 2001, 283, 195−202.
(8) Hoppe, U.; Ilieva, D.; Neuefeind, J. The Structure of Gallium
Phosphate Glasses by High-Energy X-ray Diffraction. Z. Naturforsch.
2002, 57a, 709−715.
(9) Pickup, D. M.; Valappil, S. P.; Moss, R. M.; Twyman, H. L.;
Guerry, P.; Smith, M. E.; Wilson, M.; Knowles, J. C.; Newport, R. J.
Preparation, Structural Characterization and Antibacterial Properties
of Ga-Doped Sol-Gel Phosphate Based Glass. J. Mater. Sci. 2009, 44,
1858−1867.
(10) Valappil, S. P.; Ready, D.; Abou Neel, E. A.; Pickup, D. M.;
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